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Abstract

A newly developed Cu-23 (wt %) Cr-5%Al (CuCrAl) alloy shown to resist hydridation and oxidation
in an as-cast form is currently being considered as a protective coating for GRCop-84, which is an
advanced copper alloy containing 8 (at.%) Cr and 4 (at.%) Nb. The coating was deposited on GRCop-84
substrates by the cold spray deposition technique. Cyclic oxidation tests conducted in air on both coated
and uncoated substrates between 773 and 1073 K revealed that the coating remained intact and protected
the substrate up to 1073 K. No significant weight loss of the coated specimens were observed at 773 and
873 K even after a cumulative cyclic time of 500 h. About a 10 percent weight loss observed at 973 and
1073 K was attributed to the excessive oxidation of the uncoated sides. In contrast, the uncoated substrate
lost as much as 80 percent of its original weight under similar test conditions. It is concluded that the cold
sprayed CuCrAl coating is suitable for protecting GRCop-84 substrates.

1. Introduction

The National Aeronautics and Space Administration (NASA) has been developing technologies for a
new generation of advanced launch vehicles in its efforts to increase its future heavy lift capacity in a
more reliable and economical manner compared to the Space Shuttle. The latter vehicle uses the state-of-
the-art in liquid propellant rocket engine design and it is the only operating reusable launch vehicle (RLV)
in the world. Therefore, all technological developments for future RLV rocket engines will be compared
against the Space Shuttle Main Engine (SSME), which naturally forms the baseline for such comparisons.
The SSME operates under extremely severe conditions with a chamber pressure of about 20 MPa, a throat
wall temperature of about 840 K, a throat heat flux varying between 130 and 150 MW m > and an
expected life of 55 thermal cycles (refs. 1 to 3). Engines for more advanced concepts, such as orbital
transfer vehicles, are expected to last 200 to 300 thermal cycles (ref. 1).

Combustion liner materials in a rocket engine experience extreme conditions due to a combination of
environmental and thermo-mechanical effects. The hot wall side of the liner is exposed to combustion
flame temperatures of about 3600 K (ref. 2) while the cold wall side of the liner experiences cryogenic
liquid hydrogen (LH,) temperatures of 20 K. Copper and its alloys have been traditionally used as
combustor liner materials in these regenerative rocket engines because of their high thermal conductivity
which enables an efficient heat transfer from the combustion flame to preheat the cryogenic LH, flowing
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in the cooling channels. Considering that the wall thickness between the cold and hot surfaces of the
combustor liner material is typically 1 mm (ref. 1), it is evident that large transient thermal gradients are
established across the liner cross-section. As a result, the liner hot wall experiences large thermal plastic
cyclic strains during each mission cycle leading to plastic deformation and cracking of the cooling
passages during the life of the combustor liner (refs. 3 to 6). The process is further complicated by the
environmental degradation of the uncoated copper alloy liners due to a combination of the spallation of
the copper oxide scale and “blanching,” which consists of repeated oxidation of the copper matrix and
subsequent reduction of the oxide scale (ref. 6). As a result, the initially highly polished interior surface of
the combustion liner becomes progressively rougher and thinner leading to web formation during the
service life of the engine. Thus, the liner material can become structurally weakened unable to carry the
mechanical loads, while also exhibiting a diminished heat transfer capability across the liner walls thereby
resulting in the development of hot spots.

The design of the next generation of reusable launch vehicles is likely to use GRCop-84 (Cu-8 (at.%)
Cr-4%Nb) copper alloy liners based on a composition invented at NASA Glenn Research Center (GRC)
(ref. 7). Many of the properties of this alloy have been shown to be far superior to other conventional
copper alloys, such as NARIloy-Z, which are currently being used as combustor liners in rocket engines
(refs. 7 to 9). The application of protective coatings on GRCop-84 and other copper alloy substrates can
minimize or eliminate many of the problems experienced by uncoated liners and significantly extend their
operational lives. This factor potentially translates to increased component reliability, shorter depot
maintenance turn around time and lower operational cost. In addition, the use of a suitable top coat to act
as a thermal barrier can allow the engine to run at higher temperatures thereby resulting in its increased
thermal efficiency. As a result, several types of ceramic (refs. 1 and 5) and metallic (refs. 10 to 13)
coatings have been advocated as protective coatings for copper alloy liners.

The present study was undertaken as part of a larger investigation to develop and characterize suitable
coatings and deposition techniques for GRCop-84 for liquid propulsion rocket engines. This paper
discusses the protective capabilities of a newly developed Cu-23 (wt %) Cr-5%Al' (CuCrAl) coating
alloy deposited by the cold spray deposition technique (refs. 14 and 15). The oxidation properties of this
alloy in the as-cast and annealed condition were shown to be far superior to several Cu-Cr alloys (ref. 16).

2. Experimental Procedures

The CuCrAl coating alloy was procured from Crucible Research, Inc., Pittsburgh, Pennsylvania, as
gas atomized powder. Scanning electron microscopy (SEM) images of the powder particles revealed that
they generally possessed a spherical morphology (fig. 1). The average particle size, analyzed by a
Beckman Coulter Rapid-Vue particle size analyzer, was 15 £ 5 um. The coating was cold sprayed on
GRCop-84 substrates of varying shapes and dimensions, where the coating was golden-yellow in the as-
sprayed condition (fig. 2). The oxidation disk specimens were 12.7 mm in diameter and 2 mm thick with
1.5 mm diameter holes located about 1.5 mm from an edge. These holes allowed each specimen to be
hung vertically in a furnace from hooked ceramic-shielded Pt wires. These specimens were sprayed on
both faces but the edges remained uncoated. Several rectangular and square specimens approximately
25.4 x 25.4 x 3.2 mm in dimensions were coated on one side primarily for microstructural observations.
All specimens were hot isostatically pressed (HIP) in batches under proprietary conditions to consolidate
the coatings. In some cases, the coatings were found to have been contaminated during HIP leading to a
dark coloration of the as-sprayed golden-colored coating. Energy dispersive analysis (EDS) of some of
the coated specimens revealed oxygen, silicon and potassium peaks in these coatings. The effects of these
contaminants did not appear to have any noticeable influence on the observations
reported here.

'Unless otherwise stated, all compositions reported in this paper are in wt %.
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Figure 1.—Scanning electron micrographs showing the morphology of the as-sprayed CuCrAl powder. The average
particle size is 15 £ 5 um.

4.7 mm

Figure 2.—Macrograph of a CuCrAl cold sprayed cyclic oxidation specimen.
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Cyclic oxidation tests were conducted in air between 773 and 1073 K, where the specimens were held
at temperature for 1800 s followed by a natural cool down to ambient within 300 s. Each coated specimen
was cycled along with an uncoated sample in the same furnace to ensure that the observations are
comparable under similar conditions. The coated and uncoated specimens were introduced into a vertical
multiple tube furnace maintained at the desired temperature and automatically cycled for a predetermined
number of cycles prior to weighing them to evaluate the degree of weight change. The specimens were
hung from Pt wires and centered coaxially with the axes of the furnace tubes using a set of slotted steel
guides placed at the top of each tube. This procedure ensured that both faces and edges of the specimens
were uniformly heated in the furnace. Since an individual thermocouple could not be attached to each
specimen to monitor its actual temperature during the course of the test, the temperature within each tube
was measured at the appropriate depth and compared with the reading of the control thermocouple. The
controller set point was adjusted until the measured temperature was within 5 K of the control
thermocouple reading, which was maintained at the desired temperature. The output from the control
thermocouple was monitored by a data logging system, which displayed a plot of temperature versus time
over the duration of the test. The oxidized specimens were periodically examined and photographed at
low magnifications to record time dependent morphological changes of the coated and the uncoated
surfaces. The compositions of specimen surfaces and spalled oxide scale were also periodically analyzed
by x-ray diffraction (XRD). The tested and untested specimens were characterized by optical, scanning
electron (SE), back scattered electron (BSE) microscopies and energy dispersive spectroscopy (EDS). The
BSE, EDS, and SE analyses were conducted using a high resolution field emission (FE) scanning electron
microscope (SEM). The coating thickness of several as-sprayed and HIPed specimens were measured on
photographs of the polished cross-sections along random test lines. The errors in measurement reported in
this paper represent the 95 percent confidence limits.

3. Results and Discussion
3.1 Microstructural Characterization of As-Sprayed and HIPed Specimens

An examination of the polished cross-sections of as-sprayed and HIPed specimens revealed
specimen-to-specimen variation in the quality of the coating density and thickness. The coating consisted
of a two phase microstructure consisting of a dark B-Cr phase and a light (Cu, Al) matrix. Since most of
the Al was in solid solution, the effective composition of the matrix was estimated to be about Cu-
6.5%Al. The coatings in many specimens were dense and almost crack and void free with few voids at the
coating-substrate interfaces (fig. 3(a) and (b)). However, many other specimens showed extensive cracks
and voids (fig. 3(c)). All specimens showed embedded grit in several regions of the substrate close to its
interface with the coating (fig. 3(d)). Clearly, the spray parameters and procedures need to be further
optimized to improve coating quality in a reproducible manner.

Visual inspection of the coated surfaces often showed a rastered appearance corresponding to the
spray direction (fig. 2). In many instances, the cross-sectional microstructures also revealed large
variations in coating thickness along the field of view. Measurements of the coating thickness on several
specimens revealed a batch-to-batch variation. These thickness variations exhibited a bimodal
distribution, where the averages of these distributions were 263 £ 3 um and 613 £ 7 um (fig. 4). The
observation of these variations in the coating thickness suggests non-uniform deposition of the powder
during spraying. This non-uniformity can be caused by one or more factors, such as interrupted spraying
due to nozzle clogging, uneven rate of powder flow from the hopper to the spray gun and a mismatch
between the rotational speed of the specimen and the lateral traverse speed of the spray gun. Once again,
additional process parametric studies need to be undertaken in order to minimize variations in the coating
thickness to acceptable values.
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Figure 3.—(a) Low and (b) high magnification optical micrographs showing defect-free coatings. Optical micrographs
showing (c) cracks (e.g. arrow) and voids (e.g. circle); and (d) embedded alumina grit in the substrate.

Mean =263 £ 3 um
20 — Sample size = 843

15 |— Mean =613+ 7 um
Sample size = 336
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Figure 4 —Batch-to-batch bimodal distribution in the coating thickness of the
cold sprayed CuCrAl-coated GRCop-84 specimens.
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3.2 Cyeclic Oxidation

Figure 5(a) shows the variation of the instantaneous weight, W, normalized by the initial weight, W,
with cumulative cyclic time, t, for the coated and uncoated specimens cycled at 773 K. Clearly, the coated
specimen shows negligible weight loss at this temperature as compared to the uncoated GRCop-84, which
has lost about 60 percent of its weight after 500 h corresponding to 1000 cycles. Macrographs of the
coated specimen before (fig. 5(b)) and after (fig. 5(c)) testing revealed that the coating was still intact
although it showed some degree of discoloration presumably due to oxidation. In contrast, the uncoated
GRCop-84 had undergone extensive oxidation and scale spallation leading to a considerable loss in
weight (fig. 5(d)).

1000 cxcles

O GRCop-84
- CuCrAl-coated GRCop-84

100

Figure 5.—(a) Comparison of the normalized weight change versus cumulative cyclic time for coated and uncoated
GRCop-84 substrates at 773 K. Optical macrographs of (b) unexposed, and (¢) coated and (d) uncoated specimens
after 1000 cycles.
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Figures 6(a), 7(a), and 8(a) show the normalized weight change data for the coated and uncoated
GRCop-84 specimens cycled at 873, 973, and 1073 K, respectively. The corresponding macrographs of
the tested and untested specimens are also shown in each figure as (b), (c), and (d). Once again, it is
evident that the coated specimens have performed extremely well relative to the uncoated samples with
the coating still intact at 1073 K. At 873 K, the uncoated specimen lost about 20 percent of its initial
weight after 250 h corresponding to 500 cycles (fig. 6(a)). In contrast, the coated specimen showed no
significant loss in weight. Once again, the coating was intact (fig. 6(c)) whereas the uncoated GRCop-84
showed extensive oxidation and scale spallation (fig. 6(d)). As evident in figure 5(a) and 6(a), the weight
loss is significantly higher for the uncoated GRCop-84 at 773 K than at 873 K contrary to expected
behavior. Since this observation was confirmed from repeat tests, it appears that this is a characteristic of
the oxidation behavior of this alloy. Although the precise reason for this observed behavior is unclear, it
appears to be related to the increased tenacity of the oxide scale with increasing temperature as discussed
later. At 973 K, the differences between the coated and the uncoated substrates are stark with the
uncoated specimen losing as much as about 70 percent of its weight after 75 h (fig. 7(a)) due to severe
oxidation and spallation (fig. 7(d)). The coated specimen lost about 10 percent of its original weight after
500 h or 1000 cycles primarily due to the oxidation of the uncoated edges (fig. 7(c)). Remarkably, the
coating performed reasonably well even at 1073 K although in this case the test had to be terminated
prematurely after 80 cycles due to substantial oxidation of the uncoated edges (fig. 8(a) and (c)). Not
surprisingly, the uncoated specimen showed extensive oxidation and cracking of the scale after 35 cycles
at this temperature.

500 cycles

500 cycles

O GRCop-84
<& CuCrAl-coated GRCop-84

1 1 1 1
100 150 200 250
t(h)

Figure 6.—(a) Comparison of the normalized weight change versus cumulative cyclic time for coated and uncoated
GRCop-84 substrates at 873 K. Optical macrographs of (b) unexposed, and (c) coated and (d) uncoated specimens
after 500 cycles.
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Figure 7.—(a) Comparison of the normalized weight change versus cumulative cyclic time for coated and uncoated
GRCop-84 substrates at 973 K. Optical macrographs of (b) unexposed, and (c) coated and (d) uncoated specimens
after 1000 and 150 cycles, respectively.
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Figure 8.—(a) Comparison of the normalized weight change versus cumulative cyclic time for coated and
uncoated GRCop-84 substrates at 1073 K. Optical macrographs of (b) unexposed, and (c) coated and
(d) uncoated specimens after 80 and 35 cycles, respectively.

3.3 Microstructures of Oxidized Specimens

Figure 9(a) and (b) show the cross-sectional optical microstructures of the uncoated GRCop-84
specimen cyclically oxidized at 773 K for 1000 cycles at low and high magnifications, respectively. Most
of the oxide scale has spalled off from the surface leaving behind bare metal susceptible to further
oxidation (fig. 9(b)). The BSE image of the oxide scale showed alternating bands of dark and light layers
with entrapped white particles (fig. 9(c)). The poor adhesion of the scale to the substrate is clearly evident
in figure 9(b) and (c). An EDS analyses of the dark (region A) and light (region B) layers as well as the
particles (region C) showed that the two layers were copper oxides with different oxygen content whereas
the particles were rich in Cr, Cu, and Nb (fig. 9(d)). It is reasonable to conclude that the outer darker layer
is CuO while the inner lighter layer is Cu,O and the particles are Cr,Nb originally present in the GRCop-
84 alloy. The detection of a relatively strong oxygen peak in the EDS patterns from the Cr,Nb particles
(fig. 9(d)) indicate that they were oxidized, which is consistent with previous suggestion relating to the
isothermal oxidation behavior of GRCop-84 (ref. 17). Two interesting observations may be noted. First,
the darker outer CuO layer is denser than the lighter inner Cu,O layer (fig. 9(c) and (d)). Second, well-
rounded voids were often observed associated with the white particles (fig. 9(d)).

In contrast, the oxide scale on the uncoated specimen oxidized at 873 K for 500 cycles is largely
intact over a substantial area of the sample despite extensive cracking (fig. 10(a) and (b)). These
observations suggest that the scale is more tenacious at 873 than at 773 K, which is consistent with the
observed differences in the weight change data shown in figures 5(a) and 6(a). A close examination of the
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Figure 9.—(a) and (b) Optical microstructures and (c) and (d) back scattered electron images of the cross-section of
the GRCop-84 specimen cyclically oxidized at 773 K for 1000 cycles. The EDS patterns are also shown in (d).
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nature of the oxide scale showed that it consisted of several alternating layers of columnar and equiaxed
grains (fig. 10(b)). The observation of columnar grains, which is visible mainly in regions in contact with
the free surface, suggests that these had formed first due to the directional growth of single crystals of the
copper oxide before transforming later on to the equiaxed granular microstructure observed in the
subsequent layers. Similar morphologies are observable in the microstructures reported by Chiang and
Grimmett (ref. 17) after isothermal oxidation of GRCop-84 at 1089 K. In this case, it was reported that
there was a transition from CuO to Cu,O to mixed oxides from the external surface to the interior.

The cross-sectional microstructure of the uncoated specimen tested at 1073 K for 35 cycles revealed
extensive oxidation of the sample. Once again, the scale appears to be tenacious forming several layers
with each layer approximately corresponding to a single cycle (fig. 11(a)). In this case, the outer layers
were significantly more bent than the inner layers closer to the unoxidized GRCop-84 substrate due to
an increase in the tensile stress component (fig. 11(b)). At high magnifications, these layers showed
distinct separation between individual layers although there were some regions, where they were fused
(fig. 11(c)). Interestingly, the thickness of each layer was uniform thereby suggesting that the rate of
oxidation of the matrix and the rate of spallation of the oxide scale had achieved a steady-state condition.
A close examination of the matrix revealed internally oxidized regions with the oxidation of the substrate
first occurring with the formation of long oxide stringers (fig. 11(d)). Further oxidation of the matrix
between adjacent stringers results in an increase in the density of the oxide scale.

Figure 12(a) to (d) show the cross-sectional microstructures of the coated specimen cycled at 773,
873,973, and 1073 K. The non-uniform thickness of the coatings is evident in these figures (fig. 12(a)
and (b)). There was no evidence of coating delamination in any of the thermally cycled specimens in
these microstructures although the uncoated edges had oxidized to different degrees depending on the test
temperature. Interestingly, the regions of the substrate at the uncoated edges in the vicinity of the coating-
substrate interfaces appear to be more resistant to oxidation as compared to those close to the longitudinal
axis of the specimen judging from the lack of any significant oxide scale. Presumably, this is due to Al
diffusion from the coating into the matrix across the interfaces, which is expected to improve the
oxidation resistance of the substrate. However, elemental image dot maps of regions showing the coating,
the substrate and the interface revealed insignificant Al diffusion across the interface at 1073 K after 40 h
and any observed Al rich region corresponded to embedded grit in the substrate (fig. 13). In fact, a close
examination of figure 13 reveals that the oxygen-rich regions closely correspond to the a-Cr particles
thereby suggesting the formation of dense islands of chromia during oxidation.

40 um

(b)

Figure 10.—(a) Low and (b) high magnification optical microstructures of the cross-section of the GRCop-84
specimen cyclically oxidized at 873 K for 500 cycles.
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Figure 11.—(a-d) Optical micrographs of the cross-section of the GRCop-84 specimen cyclically oxidized at 1073 K
for 35 cycles.
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Figure 12.—Optical micrographs of the cross-sections the cold sprayed Cu-23Cr-5Al coated GRCop-84 specimens
cyclically oxidized at (a) 773 K, 1000 cycles(b) 873 K, 500 cycles (¢) 973 K, 1000 cycles and (d) 1073 K, 80 cycles.
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Figure 13.—Scanning electron micrograph and elemental dot maps from the polished cross-section of
the Cu-23Cr-5Al coated GRCop-84 specimen cyclically oxidized at 1073 K for 80 cycles showing the
distribution of Al, Cr, Cu, Nb and O across the

Scanning (fig. 14(a) and (c)) and backscattered (fig. 14(b) and (d)) electron microscopic observations
of the cross-sections of the cyclically oxidized coated specimens showed several voids in the coatings. It
was unclear whether these voids were present originally in the specimens prior to testing or whether they
had developed during thermal cycling of the specimens. An examination of the coating-substrate interface
revealed a general absence of voids. However, large number embedded alumina grit in the substrate and
at the interface from the grit blasting of the surface prior to coating it (fig. 15). This is evident when the
elemental dot maps for Al and O are compared with the secondary electron micrograph shown in
figure 15. Also, the Cr and O elemental x-ray dot maps are fairly similar thereby suggesting that the
initial Cr second phase particles in the coating have oxidized during cyclic oxidation. Additionally, the
Al present in solid solution in the a-Cu matrix can preferentially react with any available oxygen and
further reduce the activity of the oxygen in the matrix to below a critical value preventing the formation
of copper oxides. Niu et al. (ref. 18) estimate that this critical partial pressure of oxygen is about 10~ atm
at 1073 K.

NASA/TM—2006-214350 14



Figure 14.—(a) and (c) Scanning electron and (b) and (d) back scattered electron images of the cross-sections of a
cold sprayed Cu-23Cr-5Al coated GRCop-84 specimen cyclically oxidized at 973 K for 1000 cycles.

Figure 15.—Scanning electron image and elemental dot maps showing the presence of alumina grit particles at the
Cu-23Cr-5AlI/GRCop-84 interface in the specimen cyclically oxidized at 973 K for 1000 cycles.
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Figure 16.—Oxidation map for cyclically oxidized GRCop-84 plotted on absolute
temperature-cumulative cyclic time space.

3.4 X-ray Diffraction Analyses

The XRD observations of the cyclically oxidized uncoated GRCop-84 specimens revealed that the
compositions of the oxides in the scales varied with temperature and time. Figure 16 maps out the
compositions of the surface oxides formed at different times during testing at each temperature. Both
Cu,0 and CuO were observed at 773 K up through 1000 cycles corresponding to a cumulative time of
500 h. However, CuO was observed at temperatures above 773 K after 25 cycles corresponding to a
cumulative time of 12.5 h. The transient oxides in the scales formed at 973 and 1073 K after 1 cycle
corresponding to a cumulative time of 0.5 h consisted of a number of mixed oxides of Cu, Cr, and Nb
with some exhibiting weak x-ray peaks. Interestingly, weak peaks denoting the presence of Cr,O3 were
observed at both temperatures after 1 cycle but not after 25 cycles of testing.

3.5 Coating Behavior

It has been clearly demonstrated in this study that the cold sprayed CuCrAl coating alloy protects the
GRCop-84 substrate up to temperatures as high as 1073 K (figs. 5 to 8) with no evidence of spallation
(fig. 12(a) to (d)). An intriguing question is why does the coating perform so well? Based on the known
oxidation behavior of the MCrAlY coatings, where M represents either Co, Fe or Ni, which form a
continuous protective alumina scale, it is tempting to suggest that the CuCrAl alloys also forms a similar
protective scale. A substantial amount of the Cr is in solid solution in the matrix in the MCrAlY alloys,
where Al and Cr act synergistically to help form a continuous protective scale of alumina (ref. 19).
However, since the Cr in the CuCrAl alloy is present almost entirely in the second phase due to its low
solubility in Cu, it is uncertain whether this alloy will also form a protective alumina scale during
oxidation. Although the XRD data of the exterior scale typically revealed strong B-Cr and a-Cu peaks,
they did not show any alumina peaks. Figure 17 shows the SE image and the corresponding x-ray dot
maps of the scale formed at the external surface of the oxidized Cu-23Cr-5Al coating. These observations
clearly demonstrate that the scale is rich in Al, Cr, and O thereby suggesting that it consists of a mixed
oxide. Therefore, it is reasonable to conclude that the Cu-23Cr-5Al forms a protective mixed oxide scale.
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Figure 17.—X-ray dot maps determined from the boxed region in Figure 17 (b) showing the distribution of Al, Cr, Cu
and O in the oxide scale of the Cu-23Cr-5Al coating after cyclic oxidation at 773 K for 1000 cycles.

Summary and Conclusions

A newly developed Cu-23 wt % Cr-5%Al coating was deposited on a GRCop-84 copper alloy
substrate by the cold spray technique. The coating proved to be very effective in preventing the cyclic
oxidation of the substrate in the temperature range 773 to 1073 K for up to 1000 cycles corresponding to a
cumulative cyclic time of 500 h. No significant weight loss of the coated substrate was observed at 773
and 873 K after 1000 cycles but there was about 10 percent loss in weight at 973 K due to the oxidation of
the uncoated sides. Similarly, the excessive oxidation of the uncoated sides resulted in about 10 percent
loss in weight of the coated specimen at 1073 K after 40 cycles. In contrast, the uncoated specimen lost
between 60 to 80 percent of its original weight at 773 and 973 K after 500 and 150 cycles, respectively.
Cross-sectional microstructures of the coated and uncoated substrates revealed that the coating was intact
at all the temperatures, whereas the uncoated GRCop-84 showed excessive spallation of the oxide scale.
The uncoated substrate showed extensive oxidation at 1073 K. X-ray diffraction results revealed that
Cu,0 and CuO were the two main oxides present in the external scale of the oxidized GRCop-84 under
most test conditions although Cr,O3 and mixed oxides were detected at high temperatures and short cycle
times. An experimental cyclic oxidation map showing the composition of the scale is presented. The x-ray
data from the CuCrAl coating typically revealed a-Cu and B-Cr with little evidence of either Cu,O or
CuO. Elemental x-ray dot maps of the oxide scale formed on the CuCrAl coating revealed that it
consisted of a mixture of aluminum and chromium oxides. It is concluded that the cold sprayed CuCrAl
coating was very effective in protecting the GRCo-84 substrates.
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